Higgs Couplings and
Precision Electroweak Data

Brian Batell
University of Chicago

with Stefania Gori and Lian-Tao Wang
arXiv:1209.6382

Fermilab
February 21,2013



Motivation

LHC experiments have discovered a new particle!
* Higgs-like state, mass ~ 126 GeV:
e Light,as suggested by precision electroweak data...
e Signal strength in diphoton channel a little high...
e But, statistics are low, certainly consistent with SM

Precision Electroweak Data

* Most observables are in agreement with SM predictions
A persistent discrepancy: A% . at Z-pole; (2.60)

* A new discrepancy (new theory calculation): R (2.40)
* Tension with 126 GeV?

Let’s explore the possible connections
between Higgs physics and A% 5, R,
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A few too many photons!

~ CMS preliminary

- :
g B[ V8= 7 TeV, L = 5.1 flyrtimm s .sa% CL Band
o E o _ -1 : :
i E \s_8TeV,L75.3fb _
8 2
m

1

0

-1_—

4 . - 4 - ,

- lllllllilll'llllllllllilll'lllllillll

110 115 120 125 130 135 140 145
m,, (GeV

*

r

Di-jet loose
Di-jet tight
Untagged 3
Untagged 2
Untagged 1
Untagged 0
Di-jet
Untagged 3
Intagged 2
Jntagged 1

Intagged O

-4

CMS preliminary
1s=7TeV,L=5.11b"
1s=8TeV,L=531b"

B Event Class
= | B Combined

m, = 125.0 GeV
Ol Ogpy = 1.5610.43

lllllllljlllllll

0o 2 4 6 8 10
Best Fit 6/0,,

B

Note: CMS has not

updated the diphoton
analysis with the full

dataset



Precision Electroweak Data (circa December 201 1)
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Global fits of the Standard Model

PDG

[Erler, Langacker]

LEP EWWG
(LFitter):

[arXiv:1012.2367]

GFitter:

http://gfitter.desy.de/

x> /dof = 45/42

x> /dof =17.3/13
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2. Higgs discovered!
Higgs mass directly measured
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A puzzle? o TR
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Can A% 5, Ry and y7y rate be due to
same underlying new physics!?



A5
FB
Consider the process

Forward, backward
Cross sections:

Polarized
Cross sections:

Forward-backward
asymmetry:

On Z-pole:

=

LD %Zﬂg(ngPL + groPRr)b

ete” — v, Z,— bb

+1
do

— d )

'FB /0 dcosf

orr, =o(efe; —brby), etc.

A Op —0p 30LL +0ORR —OLR — ORL
B = = —
op +op 4o0orr +0rr+0LRr + ORL
gredrLb
OorLL X , etc.
mzl
2 2 2 2
A . 397c — 9re 91b — IR0
FB =

4 g%e + gl%{e g%b + 912:{19



Rb LD %ZNE(QL(,PL + gRbPR)b

2
Z boson partial width:  T'(Z — 1;1;) ~ 24962 (g%, + g5 ) Mz
TCw

|:> poo  L(Z=bb)  giyt R
b p— -
'(Z — hadrons) — > [g7, + 9%,]

Note: both A% 5, Ry depend on couplings grs; 9grs

Suggests common resolution: tree-level shifts in Zbb



[Haber, Logan "99]

MOdlfy ZbRbR COUPIing [Choudhury, Tait, Wagner 01]
11,
g = gry = —= + =s;, =~ —0.43
LD —Z,b(grsPr. + groPr)b . 23
cw JRb = gs?u ~ 0.0771
Goal: shift A% 5 and R,
3 g%e o 912%6 g%b B g%{b F(Z — bl_)) g%b + ngb

App =~ Ry = ~

4 g%e T g%%e g%b T 912—{19 B F(Z — ha,drons) Zq[g%q + QQRq]

Z-pole data allows 4 solutions in (dgry, dgrs), off-peak
data for A%, eliminate 2 possible solutions

Data prefers a bigger shift in dgrsy, smaller shift in 0grs



Possible resolutions of A% 5, R;, discrepancies

1. New physics directly alters A%, R;

e Focus on tree level shifts to Zbb couplings

b
2. A%z, Ry due to measurement errors

e Remove measurements from EVV fit. Is there
tension with 125 GeV Higgs!?
How compelling are each of these resolutions?

To answer this question, we have performed a
global fit to the precision electroweak data



Possible resolutions of A% 5, R;, discrepancies

1. New physics directly alters A%, R;

e Focus on tree level shifts to Zbb couplings

Focus on this possibility

(more on 2nd option in backup)



New physics in A% 5, R, ?

Standard Model: x?/d.o.f =20.5/13, p=0.08

SM + 691 R x*/d.of =9.6/11, p=0.57

Fit with non-universal Zbb couplings much improved!
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Best-fit region:
0.004
5grp ~ 0.001 £ 0.001 0.002
Sgry ~ 0.015 £ 0.005 < %
0.000 - Y
~0.002

[Choudhury, Tait, Wagner '01]
See also: [Kumar, Shepard, Tait, Vega-Morales ’ 1 0]



New physics models for A%, R,



Beautiful Mirrors  ichoudhury.Tait, Wagner '01]

Basic idea: Mix new vector-like quark with bottom quark

7/ H/ Mll M12 b;:g
Lo— (@, B ( i ) ( o >+h.c.
Diagonalize mass matrix via rotations of b;(r, r), with angles 01, r
Z boson interactions: LD 7, Z biv*(Li; PL + Ri; Pr)b;

Shifts in Zbb couplings:

Singles out 3 vector-like representations:

Urr~(3,21/6),(3,2,-5/6),(3,3,2/3)



B
Focus on ¥ ~ (3,2,-5/6) ~ ( % ) Qx = —4/3

1
t?R — % |:> 5gRb — 58% = (0.015 |:> sp ~ 0.17

(small mixing)

Minimal model:

—L D leHbR —Fyg\TJLHTbR —|—M\T1L\IJR + h.c. .

~Ga[( )0 )] (5 ) v

. Yy
shifts: dggrp ~ Ve :> Yo ~0.17TM

e Small oblique parameters S, [Peskin, Takeuchi *90, 92]
e Light Higgs, heavy mirror quarks preferred by EWV data



nggs Ph)’SiCS see also Wagner, Morrissey 03
Main effects in Higgs production and decay:

1. Rotations shift in the hbb vertex: £, ~ —cr—hbb

|:> Partial width h — bb suppressed by Ch

2. Heavy quark B contributes to h — gg and h — vy

can be characterized ~ I'(h—1)
in terms of ratios "o, Tg) Ty, Ti = I'(h — i)sMm

But, mixing angle and Yukawas are small in the minimal model

I:> Higgs boson is SM-like (10% shifts at most)



Extension of the minimal model: [Choudhury, Tait, Wagner '01]

* One can further improve the EWV fit by adding an SU(2)
singlet quark B ~ (3,1,—1/3) that mixes with the bottom

e This causes a shift 0grp ~ 0.001

e Mass matrix:
Y1 O Y5
MB — Yg M1 Y4
0 Y5 M

0GR \

* Large Yy, Y5 can alter Higgs rates, but also cause large
custodial symmetry breaking; |::> custodial extension

0gLb

Higgs properties



A custodial extension:

* SM quantum numbers:
Ul r=(B,X)~(3,2-5/6),
Br g~ (3,1,-1/3),
Xr.r~ (3,1,-4/3).

e Quantum numbers under SU(2)r, X SU(2)g x U(1) x
Ui p=(B,X)~(2,1)_5/
@%,R — (Baj() ~ (172)—5/6

* Such representations can find motivation in

composite Higgs models |
[Agashe, Contino, Da Rold, Pomarol ’06]



Lagrangian

—L D My, Wy + MyB By + Ms X}, X},
+ 1 QL Hby + y2Q L HBR
4 yg\il'LI:Ib}z + y4\if'LI?B}2
-+ %l%ﬁ*\ll}z
+ys VL HX
+ y7):('LHT\I!’R

e Custodial limit: My = M3, y4s = yg, Ys = Y7

* Note that Y1, ¥2, Y3 explicitly break custodial
symmetry, but only small values required to obtain
required shifts 09y, 0gRe,



Collider bounds on heavy quarks suggest Y; < Mj 23

Integrate out heavy fermions to obtain effective theory

£ — Zaz(?z

OHb — Z(HDMH)(BR’}’”I)R) + h.C.,
Ohq =i(H'D,H)(Q"Q) +h.c.,
O4q =i(H'0*D,H)(Qy"0*Q) + h.c.,

lead to shift in
09Lb, OgRb,

Ony = (HTH)(QHbgR) + h.c.. ||| lead toshiftin My, Ypps







Non-universal Zbb shifts: g1, =

Recall 5gRb ~ 0.015, 5ng ~ 0.001,

:{> Yy ~ +0.04 My, Ys~ 40.17 M,

Y7 Yi\  Y.Y3Y;
o2M2  2MZ2) MM,

Y 1 3Y22 3Y32 | 3Y2 Y3 Y5
: oM2  2M2) " MM,

b- quark mass &
h—b—b coupling y, =

2
Y:
rp = ( Jhbd ) ~ 1+ 8v/0grs09Rs —

mb/'v My

Large corrections to h — bb possible only if Y5 large



h — gg and h — 77y : Use low energy theorem

[Ellis, Gaillard, Nanopoulos "76]
[Shifman, Vainshtein, Voloshin, Zakharov "79]

a EM [T 7 Qg bE h(} uva
LD 1670 Z bf Zf hFuyF | 1670 Z fo Gu,l/G ,
_f=B,X _f=B,X

bEM =4/9, b¥M =64/9, b =0b% =2/3.

__0 2
“f = alogv (; logmf,i(v)) )

Y~ 4Y4Y5
S VS VA

YsY~
M1 M35

ZxX =~ 4
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What does the signal strength data say!?

N TgT~ -
For = 17 Bry(ry — 1) + Brg(ry — 1)’ 30
~ g :
VYV =17 Bry(rpy — 1) + Bry(ry — 1)° 2.5
Th 7
Hop =

1+ Bryp(ry — 1) + Brg(rg — 1)

Shallow direction in
Tg — Tb plane

Marginalize over T

M O. ’ \\\\\\\\\\\\\\ ;
The model I|ves/ \ ]

in this region




Direct searches for Heavy Quarks

e Signatures similar to minimal (3,2, —5/6) model
[Kumar, Shepard, Tait, Vega-Morales ’ 1 0]

* Most robust limit comes from top prime searches
CMS search in dilepton channel [CMS-EXO-11-050]
pp = t't — (W) (W™ b) = £74 vubb

Bounds masses heavier than my > 557 GeV

* These bounds apply since X decays via X — bW ™

Other possible decay mode X — BW Trequires
mx > mp + mw» hot favored by Higgs data (see shortly)

e Also bounds exist from bottom prime searches:

pp > b0 - W tWTt - 4W2b — 3¢ +bor SSZ+b

CMS-EXO-11-036
Bounds masses heavier than my > 611 GeV [ ]



O bl |q ue coO rrectio NS [Peskin, Takeuchi "90, "92]

A A

t.b,X,B, X, B

* Contribution from new mirror quarks
e Wtb, Zbb vertices modified - include t,b and subtract off SM
* Restrict to 1o regions determined by fit (including §g;, )

S=-002+£009, T =003£0.08 p~0.90




Higgs signal strength top prime searches
lo, 20 regions M —Yx < 557 GeV

Results:

r ]
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Results:

We have fixed

Y23 4> 09L,R

Y & my %
Yy=Ys=—65GeV S
Ye =Y =Yx |
M1=M2=M3=M 100

Higgs signal strength
lo, 20 regions
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_ y
y —
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\J
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o g =
¢
- y -
4"
o =3
. 1 1 AT S U I (S SN DU SN NN LS SN DR M, | W S SR SR

top prime searches
M —Yx < 557 GeV > lo tension with S, T



Caveat: Vacuum stability

As emphasized recently

in several WOI"kS, new Jogelkar, Schwaller, Wagner " 12
fermions with O(1) Yukawa’s Arkani-Hamed, Blum, D’Agnolo, Fan * 12
drive Higgs quartic negative Reece 12

at low scale

In our model,
16728y ~ 24X2 + 1220 (y2 + 2 + 2 + y2 +42) — 6(y2 + vt + yf +yd + y?)

e.s. Ya=1Ys =0,y6 = y7 = 1, VL threshold M = 800 GeV
|:> A=0 at Q =2TeV

* Model requires a UV completion to stabilize vacuum...
* Obvious candidate is a SUSY version (beyond scope here)



Outlook:

e |25 GeV Higgs discovered - as suggested by EVV data

e Slight enhancement in [y~, need more data

e Two discrepancies in EW data: A%5(2.60), R} (2.40)

e Beautiful Mirrors - shift Zbgrbr by b — B mixing
 Mirror quarks can cause deviations in Higgs properties

* Model is testable at LHC via search for mirror quarks



Backup



Ingredients going into the electroweak fit:

e Observables

0
mz, FZ, O-had, Rﬁ, RC) Rb,
14 b -2
AF37 AE; A67 Ab7 A%’Ba AF37 S111 Heﬂ:a

mw, FW? my, Aaﬁz)da mp
 Vary SM + NP parameters in fit

Mg, Mz, M, Aalglz)dv X,
S, T, 09y, 09Rb

* Theory predictions taken from various
numerical parameterizations in literature...



2. A%, Ry due to systematic effect

EWV data alone (w/o LHC Higgs mass measurement)

SM w/o AFB,Rb .

+ S, T, mfef 125:

e Slight tension between indirect determination of Higgs
mass (/0 GeV) and 125 GeV
* New contribution to oblique parameters!?



2. A5, Ry due to systematic effect

Including LHC Higgs mass measurement:

p = 0.67
mp — 125.7 GeV

p=0.78

S = —0.08+0.10
1"=0.0=0.08

* Marginal improvement with oblique parameters.
* No strong argument for new physics to pull up Higgs mass
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